made from Teflon, is attached to a. brass rod equipped with a small mirror. A Cambridge spotlight and a semicircular scale are used to measure deflections of the internal cone. The torsion strips used in this study are Mnllory 73 beryllium copper 0.001-, 0.002-, and 0.004-inch strips 15 cm. in length. The external cone rests on ball bearings and, in order to facilitate heat exchange, is equipped with brass wings immersed in water. The temperature is kept constant by means of a Sunvie relay. Water is pumped continuously by means of a positive displacement pump with an output of about 1 L. per minute ( fig. 1 ).
The drive of the viscometer consists of a Duiiwx 0.13-amp., 30-r.p.m. electric motor which is connected to the gearbox by means of a, leather belt. The four-speed pulley arrangement may be used either directly or in conjunction with a secondary gearbox. The latter gives reductions of 1:114 and 1:126. The speeds obtainable on the external cone are: 0.040, 0.OS3, 0.141, 0.356, 0.750, 1.27, 2.94, 4.53, 9.5, 16.1, 37.4, 99.5, and 152 r.p.m.
The angle of the external (rotating) cone is 50 degrees to the horizontal; the internal (suspended) cones have angles of 53, 55, and 60 degrees to the horizontal.
The instrument was calibrated using-the standard oils obtained from the National Standards Laboratories (Sydney). Deflections of the internal cone depended on the torsion strip and the angle of the internal cone. When the 0.002-inch torsion strip was vised, the deflections in centimeters per poise per revolutions per minute were 5.70, 2.93, and 1.67 for angular gaps of 3, 5, and 10 degrees, respectively.
The rates of shear (velocity gradients) used in plots of experimental data are mean rates of shear. These were calculated using the following equation :
where W is the angular velocity in radians per second, a is the angle between the internal cone and the horizontal, /? is the angle between the external cone and the horizontal; f is the speed in revolutions per minute, and K is, respectively, 1.0, 0.57, and 0.257 for the internal cones of angles 53, 55. and 60 degrees.
EXPERIMENTAL TECHNIQUES
Samples of blood (about 1 cc.) were obtained from donors using a siliconized syringe. A stop The rolationtil cone-in-cone riscometer: (1) the internal cone; (2) the external (rotating) cone; (3) the thermosluted jacket; (4) the torsion strip; (5) the micrometer; and (G) a section of the fourspeed gearbox.
watch was started at the moment of blood extraction and the time intervals of the subsequent events were noted. The needle was l'ernoved from the syringe and blood was poured into the gap between the cones. The drive was started and the movements of the lightspot were observed on the scale. The drive was stopped when the speeds were changed.
The clotting of blood occurred in about six minutes, and hence two or three samples of blood were required to determine the viscosity of unclotted blood over the whole range of rates of shear. The values of viscosity were plotted against the rate of shear on a log-log scale. In the cases where the coagulation was to be followed, observations were made on one sample at one particular rate of shear and the results plotted as apparent viscosity against the time which had elapsed from the moment of extraction of the blood. All determinations were carried out at 36 C.
Whenever possible, the donors were brought to the laboratory; otherwise the blood was taken in wards, but the delay, whicii was always timed, was never above two minutes.
In all cases, the viscosity determinations were carried out, first, at lower rates of shear and, subsequently, at higher rates of shear. Whenever necessary, or when in doubt, new determinations were carried out utilizing different torsion strips or different cones.
The clotting of blood was followed only up to the instant when the blood clot was actually visible and/or when a separation of the clot from serum was made evident by a sudden decrease in the viscosity readings.
Results and Discussion
The results obtained by means of the conein-cone viseoineter may be reviewed in five steps: (1) thixotropy oi blood, (2) deduction of the aggregation of red cells and its possible relevance to thrombus formation, (3) studies of blood of patients who recovered from coronary thrombosis, (4) clotting of blood in vitro, and (5) conclusions.
THIXOTROPY OF BLOOD
The term "thixotropy" has to be explained at this stage. Thixotropy is described as an isothermal sol-gel and gel-sol transformation. " Thixotropic'' describes a system in which viscosity is dependent on time and rate of shear, decreasing with the increasing rate of shear. Above some critical value of rate of shear, the viscosity remains constant and independent of any further increase in the rate of shear; sueh viscosity corresponds to a nonequilibrium Newtonian system. Ti8 A thixotropic system is reversible, the thixotropic recovery time being in the range from a millisecond to a number of minutes or hours.
It is evident from figures 2 and 3 that blood is not a Newtonian fluid and that it shows, indeed, thixotropic properties. That portion of the log-log plot which lies parallel (or practically parallel) to the rate of shear axis corresponds to a region of (nonequilibrium) Newtonian flow. The second portion, which is inclined to the shear rate axis, represents a region of a pronounced thixotropic type and is characterized by the slope of the flow curve and by the critical value of the rate of shear. The latter is obtained by extrapolation of the two curves to an intersection point. In some cases ( fig. 2 ), this intei'section is apparent and clearly present in the curves drawn directly from the experimental points. In other cases ( fig. 3 ), the transition is in a form of a sloping curve. In the latter case, we may suspect that this effect is induced by the structural properties of the plasma. The viscosity of plasma differs in different eases. It is evident from the curve portions at high rates of shear; thus, blood sample of hematoerit 41 shows higher viscosity than a blood sample of hematoerit 45, and a blood sample of hematoerit 28 is higher in viscosity than another sample of hematoerit 42. These phenomena are explained by the fact that the viscosity of blood at any constant hematoerit content is directly proportional to the viscosity of plasma.
The thixotropy of blood differs greatly in samples obtained from donors in different states of health. Curve A ( fig. 2 ) represents three donors in abnormal state of health: their hematoerit was in the range of 41 to 42.4 and their blood pressure was 130/90. The differences between these donors were negligible and a common curve Avas plotted through the experimental data. Curve B (fig.
2) corresponds to a person having blood showing a high apparent viscosity: the hematoerit was 50 and the blood pressure, 175/115. While the hematoerit of B is somewhat higher, the increase of viscosity due to the change in the volume concentration of the red cells is very low, as it may be noticed from the upper part of the curves A and B. The significance of the curve B lies in its critical rate of shear of about 60 sec." 1 and in its viscosity being 10fold higher than that of the normal blood at the identical rates of shear. The critical rate of shear of the normal blood is only about 5 seer 1 (curve A).
It has to be stressed that the viscosity-rate of shear curves was plotted on the basis of data obtained from unclotted blood. The viscosity of blood at low rates of shear (0.01 to The viscosity, rj (poises), of blood as a function of the rate of shear, D. The tests were carried out at 36 C. and in the absence of anticoagulants. Curve A is believed to be a normal floxo curve of the blood obtained from, health;/ donors. Curve B corresponds to a blood sample obtained from the donor showing an abnormally high blood viscosity. The scale of revolutions per minute (r.p.m.) corresponds only to the case when the gap betiveen the internal and the external cone was 5 degrees. 0.006 sec." 1 ) was of the order of hundreds of poises and, indeed, at zero rate of shear the viscosity may be expected to be infinite.
It is of interest to note that the viscosity of blood has never been determined before at such low values of rates of shear. The lowest rate of shear obtained in the viscometer was 0.006 sec." 1 ; the highest rates of shear employed were about 150 seer 1 .
AVhile the existence of thixotropy in blood was already observed by Copley et al., n Haynes and Burton, 10 Haynes, 11 and Taylor, 12 among others, the importance and the extent of thixotropy was not appreciated due mainly to the use of capillary viscometers (which do not permit determinations at very low rates of shear) and due to the use of anticoagulants (which decrease and distort the thixotropy).
DEDUCTION OF THE AGGREGATION OF RED CELLS AND ITS POSSIBLE RELEVANCE TO THROMBUS FORMATION '
The colloidal interpretation of thixotropic phenomena may be as follows. The effect of red cells on the viscosity of blood is 2-fold. The first is due to the crowding effect, that is, to the presence of red cells as such iu suspension. This effect may be measured at higher rates of shear, above the critical rate of shear. The second effect is due to the formation of reversible aggregates or rouleaux of red cells.
The effect of the volume concentration of red cells on the viscosity of blood is widely discussed in literature. The viscosit\' increase is approximately proportional to the concentration of red cells. Even at 90 per cent concentration of red cells, the blood remains quite fluid (about 20 e.p.s.).
The second contribution of red cells to blood viscosity, due to the aggregation (flocculation) phenomena, is 100-fold and 1,000-fold larger. This contribution, sometimes called the structural viscosity, is more pronounced at very low rates of shear. During stasis, that is, at zero rate of shear, the interlocking aggregates of red cells may immobilize all the liquid present. Under the action of stress, the pockets of immobilized plasma are released, the size of the aggregates (the degree of aggregation) decreases, and thus the apparent viscosity of the blood decreases. Any particular rate of shear corresponds to a reproducible degree of aggregation of red cells. The aggregation phenomenon is due to the adhesion forces, that is, primary physical forces, and not to some biochemical mechanism. When a biochemical mechanism enters into the picture, irreversible agglutinates are formed. These were discussed in great detail by Bloch. 33 When only reversible aggregation takes place, the size of the aggregates depends on the velocity gradient (rate of shear) in the vessel.
It is possible to estimate the aggregationtendency of red cells from the position and the slope of the thixotropic flow curve. The thixotropic flow curve has to be determined, however, over a large range of rates of shear.
Reports of Harding and Knisely 14 and Knisely et al., u " suggesting that aggregates of red cells sedimenting in vivo tend to become hypoxic, might supply a logical link between thrombus formation and the degree of aggregation of red cells, as denned by rheological techniques. The larger the aggregate, the higher is its sedimentation rate in the circulatory system. The sedimentation could, obviously, be counteracted by a higher arterial pressure (higher rate of shear) which would cause a partial disaggregation (deflocculation) of red cells. This follows from the relationship between the size of aggregates and the rate of shear parameter. The phenomenon would not be true in the case of agglutinates. A relative increase in the circulation time of the sedimenting or partially sedimenting (reversible) aggregates of red cells may probably lead to a progressive and proportional bypoxia of red cells. This could be followed by a degeneration of these cells and would be likely to result in a thrombus formatioii.
Two experimental approaches were taken subsequently: First, a study of the blood viscosity of persons suspected to be prone to a thrombus formation was carried out. Secondly, rheological studies were carried out on blood clotting in vitro.
STUDIES OF THE BLOOD OF PATIENTS WHO RECOVERED FROM CORONARY THROMBOSIS
If a high apparent viscosity of blood, and thus a high degree of aggregation of red cells, indicates a proneness to a thrombus formation, then the persons who have a history of coronary thrombosis or venous thrombosis should show a higher apparent viscosity of blood than the healthy individuals.
The experimental work was carried out on four cases only. The patients were not on anticoagulants at the time when a sample of blood was taken for testing.
The data obtained were plotted on a log-log scale as the viscosity against the rate of shear ( fig. 3 ). In all cases, the apparent viscosity and the thixotropy of the blood tested (in the absence of anticoagulants) was higher than that of the normal blood. At an identical rate of shear, say, 0.01 sec." 1 , the viscosity of blood from cases showing a history of coronary thrombosis was 5 to 10 times higher than that Circulation Roscarch. Volutne XI, August 196S 001 01 10 100
FIGURE 3
Flow curves of whole blood in the absence of anticoagulants. The broken curve is curve A of figure 2 . Experimental points 0 correspond to a sample from a donor suffering from rheumatic arthritis; its hematocrit ivas 34. All other points correspond to blood samples obtained from the donors who had a history of coronary thrombosis but were not on anticoagulants any more. Points 0, 9, and 0 correspond to the hematocrit values .5.2, 28, and 41, respectively. Viscosity, r/, is in poises.
of the normal blood. Similarly, the critical rate of shear was increased. The degree of aggregation of red cells may be expressed as the ratio of the sedimentation volume of red cells at rest, F, and the sedimentation volume obtained after centrifugation, Foo (that is, a ratio of the effective volume occupied by the aggregated red cells and the hematocrit expressed as a volume fraction). In the analogous suspensions, the following equation 0 was employed in order to relate the degree of aggregation (flocculation), /?, the sedimentation volume at rest, F, and the effective volume of the dispersed phase at the total defloeculation, F oo : p = F/Fco and FV3 = k. log WJOO + F 1^.
where r\' is the viscosity of suspension at the rate of shear equal 0.4 sec." 1 , 77^ is the viscosity of suspension at a rate of shear above Changes in the blood viscosity during the initial stages of clotting. The viscosity, rj (poises), was determined at 0.186 seer 1 (O) and 56.8 seer 1 (0), and is plotted against the time, t (minutes), which had elapsed from the moment of extraction of the blood. Hematocrit, 51; temperature, 36 C.
the critical rate of shear. In the case ot: suspensions of rigid particles, the value of k was 0.1345. While it is not yet certain if the latter value is valid for blood, it may well serve as an illustration. If the data of normal blood curve and the high-viscosity blood curve are substituted (Foo -0.40, T//T? QQ equal 4 and 40, respectively) the values for /3 are 1.35 and 2.18, and for F are 0.54 and 0.S7, respectively. The values of /? illustrate an increase in the effective volume occupied by the red cells due to their aggregation. Also, the higher the values of /?, the higher the arterial pressure has to be exerted to cause a total defloeculation of red cells. As an increase of the arterial pressure by a factor of three or five is physiologically not feasible, an aggregation of red cells may be expected to be the usual feature of a highly thixotropic blood.
Such aggregation of red cells under physiological conditions may be a precursor of thrombus formation.
As Sir Howard Florey has recently emphasized, 16 a distinction should be made between clotting and thrombosis in coronary artery diseases. While a clot is formed of fibrin, a 12
FIGURE 5
Changes in the. blood viscosity during the initial stages of clotting. The viscosity, rj (poises), was determined at 0.090 seer 1 (O) and 21.3 seer 1 (0), and is plotted against the time, t (minutes), which had elapsed from the moment of extraction of the blood. Hematocrit, 41; temperature 36 C. thrombus depends on an alteration of plate-Jets.
It is herewith suggested that a possible mechanism of thrombus formation may involve two steps. First, a presence of the reversible aggregates (rouleaux) of red cells may result in a sedimentation and a liypoxia of: these cells, which, in their turn, •will lead to the formation of the irreversible agglutinates. Secondly, a degeneration of the surfaces of these agglutinates may encourage platelet agglutination and a contact activation 17 ' 1S of plasma clotting.
CLOTTING OF BLOOD IN VITRO
The studies of the initial stages of clotting indicated that a clot formation is preceded by a viscosity increase. Exponential curves of the viscosity increases during clotting are illustrated in figures 4, 5, and 6. The viscosity increases were at one particular rate of shear at a time.. Low and high rates of shear were employed.
While viscosity increases are pronounced and quite rapid when a low rate of shear is employed, when a high rate of shear is used, the viscosity increase is much less and, what Changes in the blood viscosity during the initial stages of clotting. The viscosity, rj (poises), -was determined at 0.080 seer 1 (O) and 21.3 seer 1 (0), and is plotted against time, t (minutes), which had elapsed from the moment of extraction of the blood. Hematocrit, 2$; temperature 36 C.
is more important, the time required for this increase to take place may be much longer.
These data indicate that (a) the apparent increase of viscosity at low rates of shear is due to the increasing thixotropy of the dispersed phase, and (b) the viscosity increase at higher rate of shear is due to some polymerization process causing biochemical changes in the continuous phase.
The variations of the data, even in healthy individuals, suggest that the four following alternatives may exist: (1) where highly thixotropic blood shows rapid clotting; (2) where highly thixotropic blood shows slow clotting; (3) where slightly thixotropic blood shows rapid clotting; and (4) where slightly thixotropic blood shows slow clotting.
The apparent clotting time, as observed by some of the usual laboratory techniques, is influenced by an integrated result of (a) aggregation of red cells, and (b) clotting of plasma.
This approach should perhaps enable a more precise description of the coagulability of blood and clotting of plasma and thus enable us to answer some of the problems postulated by Quick. 1 " Circulation Research, Volume XI, August 19G£ CONCLUSIONS The blood is not a Newtonian fluid and its viscosity increases greatly when the rate of shear is decreasing. At stasis, that is, at zero rate of shear, the viscosity will increase to a very high value as a result of a formation of a huge aggregate-network of red cells occupying the whole volume of the vessel.
Determination of thixotropy by means of a rotational viscometer opens an avenue of research into the clinical studies of relationships between the degree of aggregation of red cells and the viscosity of plasma, on the one hand, and a thrombus formation, on the other hand.
Perhaps the main point of this study is in directing attention to the importance of the low-rate-of-shear regions of the flow curve and in suggesting an application of rotational viscoineters as convenient tools for study of the colloidal and the biochemical events taking place in blood.
Summary
A study of the viscosity and thixotropy of human blood in the absence of anticoagulants was carried out by means of a rotational conein-cone viscometer.
The plots of viscosity against the rate of shear on a log-log scale show that the thixotropy of normal blood is pronounced only below 5 seer 1 ; abnormally thixotropic blood was characterized by the critical rates of shear of 30 to 60 sec.-1 .
The significance of thixotropy of blood is due to its intimate relationship with the aggregation of red cells. It is suggested that it may be also related to the proneness of thrombus formation.
